The binding capacity of Pb on modified rice bran-insoluble fibers RBIF-0.2, RBIF-1.25, and RBIF-2.0 (0.2%, 1.25%, and 2.0% H 2 SO 4 with 1.25% KOH) having the variable specific surface area and cation-exchange capacity was evaluated. The Pb binding in terms of maximum binding capacity (BC max ) with RBIF increased with pH (2-7). However, the presence of sodium and calcium reduced the binding of Pb to RBIFs. Further, adsorption kinetics followed pseudo-second-order kinetic model when fitted to real Pb sorption data. However, sorption mechanism data (scanning electron microscopy images) were well fitted to Langmuir model instead of Freundlich and Dubinin-Radushkevich that suggests monomolecular adsorption of Pb to RBIF (<8 kJ/mol). Moreover, negative ΔG and positive ΔH of Pb 2+ sorption confirmed the occurrence of spontaneous and endothermic process. The modeling of single-metal (Pb) data will be advantageous to use as a universal model for other heavy metals that will save the experimental costs. The data on all other heavy metals could be used with chosen models to elucidate their sorption mechanism to control the metallic-induced toxicity.
Introduction
Heavy metal pollution of wastewater is a common environmental threat since the toxic metal ions dissolved can eventually reach the top of the food chain and thus become a risk for human health. Various researchers reported metal-binding capacities of cellulosic fibers that can avoid their dietic toxicity. [1, 2] Cellulose and lignin could bind with heavy metals, which are dependent on their source of origin and relevant fraction of various constituents. [3] [4] [5] Similarly, a group of researchers reported that hemicellulose and pectin also could bind heavy metals (Pb, Cu, and Cd) that can improve health via fiber-containing food. [6] Various researchers investigated dietary fiber in terms of its potential to scavenge heavy metals after it enters the body [7] [8] [9] and to elucidate the dietic factors that could affect the heavy metal-binding capacity, some endogenous factors like proteins and exogenous factors like pH. [10, 11] Rice bran is an abundant, low-cost, underutilized lignocellulosic material and has usually been discarded directly or used as feed without effective utilization. The heavy metal adsorption capacity of rice bran-insoluble fiber (RBIF) has not been reported till to date. Therefore, our current study will enhance its usage in the industry as a heavy metal toxicity reducer. The proper cation-exchange capacity (CEC) of reactive hydroxyl and carboxyl groups on the RBIF has been confirmed in our previous work. [12] Other researchers also proved the binding capacity of rice bran fiber that made this agriculture waste a source of potential heavy metal scavenger. [13, 14] Therefore, to reduce the harmful effects of food-derived lead (Pb 2+ ) on humans, the water-insoluble dietary fibers extracted from rice bran were used. In order to find out the best adsorbent for Pb and illuminate the adsorption process, three RBIFs using different treatments were comparatively investigated. The effects of different acid-alkaline treatments on the structure and properties of RBIF have been reported in our previous work. [12] In spite of structure, the binding capacities of RBIF toward Pb 2+ as a function of pH and other relevant factors including the presence of essential metal ions were also investigated. Further, modeling of adsorption mechanism experimental data was checked through kinetic and adsorption isotherm to achieve a universal model for other heavy metals too. Moreover, the thermodynamic parameters were also used to identify the adsorption behavior. The Pb sorption model will provide universal key for other heavy metals available in the literature to evaluate their sorption mechanisms to fibers without further experimental procedures. The safe disposal of the used adsorbent will be done in the future.
Materials and methods

Preparation of dietary fiber
Rice bran was obtained from small rice processing mills situated in Wuxi city, Jiangsu province, China. They were passed through a 40-mesh sieve, followed by defatting (using n-hexane, 1:5, w/v) and then removal of starch (using sulfuric acid) and protein (using potassium hydroxide) according to the methods described in our previous work. [12] The residues obtained as the rice bran-insoluble dietary fibers were sequentially dried in an oven at 60°C for 12 h and were ground with a high-speed universal grinder (DFY-200, Linda Machinery Co., Zhejiang, China).
Characterization of the modified RBIF
Hemicellulose and cellulose contents were determined according to the procedure described by Sun et al. [15] and Egüé et al. [16] Specific surface area measurements were determined by an automatic Brunauer, Emmett and Teller (BET) surface area analyzer (ASAP 2020 MP; Micromeritics Instrument Corp., Atalanta, Georgia State, USA). The CEC was measured according to the procedure described by our previous work. [12] Scanning electron microscope (SEM) observation was carried out by the equipment of Quanta-200 (FEI Co., The Netherlands) with an accelerating potential of 5.0 kV and magnifications of 600 and 300. The RBIF powders were deposited on a metal stub, coated with a thin layer of gold (approximately 30 Å) in a vacuum for 30 s by an ion sputter. Then, the surface and microstructure were observed by the SEM.
Maximum binding capacity (BC max ) of RBIF to Pb 2+
The maximum binding capacity (BC max ) was determined according to the methods reported by Ou et al; [7] 2.0 g RBIF was mixed with 200 mL Pb 2+ standard solution (10 mmol/L Pb(NO 3 ) 2 ) at the pH 2 and 7 to simulate the stomach and small intestine, respectively. The slurries were stirred (120 rpm) for 3 h in a water-bath incubator maintained at 37°C. At the end of adsorption, 2 mL sample was collected and centrifuged at 4,000 × g for 20 min. The concentrations of Pb in the supernatant were determined by inductively coupled plasma-atomic emission spectroscopy (AA-240FS, USA). The maximum adsorption capacity of RBIF for Pb 2+ was calculated according to the following equation:
IC: initial concentration of Pb 2+ , mmol/L; EC: equilibrium concentration of Pb 2+ , mmol/L; V: total volume of solution, mL; W: the weight of the sample, g
Competition between some essential minerals and Pb 2+ RBIF (0.5 g) was mixed with 25 mL 10 mmol/L CaCl 2 /Pb(NO 3 ) 2 and NaCl/Pb(NO 3 ) 2 standard solutions at pH 7, respectively. Slurries were shaken (120 rpm) for 3 h in acid-washed bottles at 37°C. The complexes of dietary fiber and minerals were centrifuged at 4,000 rpm for 20 min. Two milliliters of supernatant were collected, and the concentrations of Pb in the supernatant were determined by inductively coupled plasma-atomic emission spectroscopy (AA-240FS, USA).
Batch adsorption studies
Adsorption kinetic tests related to the effect of time on the Pb 2+ adsorption by RBIF were performed in a series of 100-mL conical flasks containing 50 mL Pb(NO 3 ) 2 solutions (natural pH) with varying initial concentrations (5-25 mmol/L) and 0.5 g of adsorbent at 37 ± 1°C. At predetermined 10-min interval (30-240 min), 2 ml of each sample was taken, rapidly filtered with 0.45 μm membranes, and filtrate was analyzed. The amount of adsorbed Pb 2+ at time t, q t (mg/g), was calculated using Equation (2) . All of the experiments were performed in duplicate, and the mean values were reported.
where q t is the adsorption capacity (mg/g) of adsorbent at time t; C o and C t are the initial concentration and the concentration of Pb 2+ at time t in solution (mmol/L), respectively; V is the volume of Pb 2+ solution (L); and W is the mass of adsorbent used (g).
Pseudo-first-order kinetic model
The pseudo-first-order model is expressed as:
ln q e À q ð Þ¼ln q e À k 1 t
where q e (mg/g) and q are the amounts of adsorbed metal ions on the biosorbent at equilibrium at time t and k 1 (per min) is the Lagergren rate constant of the first-order biosorption. q e and k 1 can be calculated from the slopes and the intercept of the plot log(q e −q) versus t.
Pseudo-second-order kinetic model Second, metal sorption to RBIF was mathematically modeled using pseudo-second-order kinetic model that has already been used. [17] t=q
where t (min) is the contact time and q (mg/g) and q e (mg/g) are the amounts of Pb ion sorbed at time t and in equilibrium state. However, K 2 (g/mg/h) is the pseudo-second-order rate constant.
Intraparticle diffusion model
Third, intraparticle diffusion (relationship between specific sorption (q t ) and the square root of time) was used to model the Pb sorption to RBIF that has already been used by Ren et al. [17] 
where q t is the amount of Pb adsorbed (mg/g) at time t, k i is the intraparticle diffusion rate constant (mg/g/min 1/2 ), and I is the intercept of the plot q t versus t 1/2 . Intraparticle diffusion may be the ratecontrolling step. If this does occur, then the plot of q t versus t 1/2 should be linear.When the plot passes through the origin, it suggests that the intraparticle diffusion is the sole rate-limiting process. [18] Sorption isotherm modeling Adsorption isotherms describe the interaction mechanism of metal ions (adsorbates) with adsorbents (e.g., Fiber) and are critical in optimizing the use of adsorbents. Modeling the equilibrium data of sorption provided opportunity to design and optimize the operating procedures for a variety of biomaterials under different conditions. [19] Therefore, the equilibrium point of Pb adsorption onto RBIF was modeled using the Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherms. The adsorption isotherm studies were carried out in 50 mL 20 mmol/L Pb(NO 3 ) 2 solution with 0.5 g RBIF, with temperature ranging from 298 to 310 K at neutral pH. After equilibrium, 10 mL of each sample was withdrawn and filtered through a 0.45-μm membrane filter. The filtrate was analyzed, and the amount of Pb 2+ adsorbed by per unit mass of RBIF was also calculated by Equation (2), in which the concentrations of Pb 2+ solutions at equilibrium time, C e (mmol/L), were substituted for C t ,
where q e is the equilibrium adsorption capacity (mg/g); C o and C e are the initial and equilibrium concentrations of Pb 2+ in solution (mmol/L), respectively; V is the volume of Pb 2+ solution (L); and W is the mass of adsorbent used (g).
Langmuir adsorption model
To get the equilibrium sorption (Pb on RBIF) data, initial Pb concentrations were varied at constant biomass. Four hours of equilibrium periods of sorption experiments were used. The most widely used model for equilibrium adsorption is the Langmuir adsorption model, based on the sorption on the homogeneous surface as monolayer without interaction between sorbed species. Langmuir model assumes that the adsorptive forces are similar to the forces in chemical interaction. This model is described by the equation:
where C e is the equilibrium aqueous metal ion concentration (mmol/L), q e is the amount of metal ions adsorbed per gram of adsorbent at equilibrium (mmol/g), and q max and b are constants related to the maximum adsorption capacity (mmol/g) and the energy of adsorption (L/mmol), respectively. q max represents the practical limiting adsorption capacity when the surface is fully covered with sorbed species. The Langmuir constants q max and b can be determined from the linearized form of Equation (6); the plot of 1/q e versus 1/C e results in a straight line of slope 1/bq max and an intercept of 1/q max . Finally, for Langmuir-type sorption process, shape was classified using a dimensionless separation factor (r) as described by Ho and Wang [20] as well as Khezami and Capart. [21] The r is defined as
where r is the dimensionless separation factor, C 0 is the initial metal concentration (mmol/L), and b is Langmuir constant (L/mmol). The parameter r indicates the shape of the isotherm accordingly: r > 1 unfavorable, r = 1 linear, 0 < r < 1 favorable, r = 0 irreversible.
Freundlich isotherm
Freundlich isotherm assumes that the uptake of metal ions occurs on a heterogeneous surface by multilayer adsorption and the amount of adsorbate adsorbed increases infinitely with an increase in concentration. [22] The equilibrium data were analyzed using the following linearized equation:
where K f is roughly an indicator of the adsorption capacity and 1/n is the adsorption intensity. K f and 1/n can be determined from the linear plot of lnq e vs. lnC e . q e is the amount of heavy metals adsorbed (mg/g) on RBIF at equilibrium, and C e is the heavy metal concentration (mmol/L) of solution at the equilibrium.
Dubinin-Radushkevich (D-R) isotherm D-R isotherm is widely used to determine the nature of sorption. [23] D-R model equation is given as:
where q m is the maximum amount of ion that can be sorbed onto unit weight of sorbent (mg/g), β is the constant related to sorption energy (mol 2 /kJ 2 ), and ε is the Polanyi potential which is equal to RTln (1 + 1/C e ), where R and T are the gas constant (kJ/mol/K) and the absolute temperature (K), respectively. The plot of lnq vs. ε 2 results in a straight line. The slopes of the D-R plots give β constant, and q m value is calculated from the intercept of the plot. The mean free energy of sorption can be calculated from D-R isotherm parameter β as follows [24] :
E is the energy required to transfer 1 mol of a sorbate to the surface from infinity in solution. The value of E is used to estimate the reaction mechanism occurring. If the magnitude of E is between 8 and 16 kJ/mol, the sorption process proceeds by ion exchange, while for values of E < 8 kJ/mol, the sorption process is a physical nature. [25, 26] Thermodynamic profiling analysis of Pb sorption to RBIF
To know whether the adsorption phenomenon was endothermic or exothermic, thermodynamic parameters such as enthalpy (ΔH•), free energy (ΔG•), and entropy (ΔS•) changes were calculated using ln 1=b ð Þ ¼ ΔG =RT
where b is Langmuir constant related to the energy of adsorption, b 0 is a constant, R the ideal gas constant (4.187 J/mol/K), and T is temperature (K). [27] The enthalpy changes (ΔH•) of the process were determined from the slope of the line obtained by plotting lnb vs. 1/T.
Results and discussion
Characteristics of modified RBIF
CEC is an important parameter for cation-binding capacity evaluation. Acid-alkaline (H 2 SO 4 along with KOH)-treated RBIF having variable CEC was used to clarify the mechanism of metal adsorption. Different CEC may result in significant differences in metal adsorption capacities of fiber as evident by the findings of various researchers. [28] The CEC data of used samples showed that the RBIF-0.2 exhibited the highest CEC for its proper net structure and higher hemicellulose content as our previous work confirmed. [12] However, the rate of sorption process depends on structural properties of the sorbent (e.g., porosity, specific area, and particle size) and on metallic ion characteristics/properties, e.g., ionic radius and number of coordination. [14] Due to these characteristics, we evaluated specific surface area of RBIF. RBIF treated with a higher concentration of acid presented higher specific surface area as shown in Table 1 . The specific surface area obtained at the highest acid-alkaline ratio was 0.67 m 2 /g. On the other hand, Betancur-Ancona et al. [29] confirmed that ion affinity of fibrous material is linked to the cellulose content. In our case, RBIF-2.0 presented the highest cellulose content of 53.51 ± 0.06 g/100 g but showed low CEC. Further, Oliveira and Motanher [14] pointed out the presence of several different active sites on the cellulose surface that orient metal removal.
Pb 2+ -binding capacity of dietary fibers at acid and alkaline pH
Sorption of metal ions on dietary fiber (adsorbent) is strongly dependent on solution pH that ensures their solubility and made them available in ionic state which is suitable for surface adsorption. [30, 31] In our case, RBIF-2.0 showed the BC max to Pb at pH 7 ( Table 2 ) might be linked to porosity and greater specific surface area (Figure 1 ). The BC max to Pb at pH 7 was 241 ± 5.96 mg/ g. On the other hand, BC max at pH 2 was eightfold less (33 ± 1.58 mg/g) compared to neutral pHbinding capacity of RBIF. The possible reason behind low binding capacity/adsorption of Pb to RBIF is the availability of positive charge due to the presence of H + ions that repulse the interaction of surface functional groups with metal ions. [32] The current findings revealed the excellent adsorption of Pb with RBIF at small intestinal pH that might be a suggestion for the food industry to incorporate it in functional foods as nutrient source as well as a detoxification agent for toxic pollutant Pb.
Effect of some essential minerals on the binding capacity for Pb 2+
Divalent and monovalent minerals such as Ca 2+ , Mg 2+ , and Na + and structural change in fiber could affect the adsorption capacity of metal ions. [27, 33] We, therefore, evaluated the possible effect of Ca 2+ or Na + on adsorption capacity of metal ions to the RBIF. As shown in Table 3 , the BC max of Pb with RBIF-0.2 in combination with Ca 2+ reduced from 37 to 30 mg/g. However, in the case of Na + , this reduction was also comparable (37-29 mg/g). Similarly, both RBIF-1.25 and 2.0 showed the same decreasing trend in BC max after interaction with Ca 2+ or Na + . But, this reduction was significant with Na + compared to Ca 2+ (Table 3 ). These results were in accordance with the findings of Šćiban et al. who reported relatively higher influence of Na + on lead (II) adsorption that was probably due to unfavorable pH and change in fiber structure which played important role in metal adsorption. [34] In our case, RBIF-1.25 showed the highest values of BC max , and it might be due to an appropriate porous structure that exposed functional groups required for metal adsorption. Thus, RBIF-1.25 might be a suitable candidate for the food industry to incorporate in functional foods as a nutraceutical as well as detoxicant in the diet.
Effect of contact time on the sorption process
The kinetics of metal ion sorption is important for designing sorption systems that assist in selecting optimum operating conditions for full-scale batch process. Therefore, time-dependent adsorption of Pb 2+ with RBIF was carried out. The maximum Pd adsorption (150-240 min) was achieved in RBIF-1.25 that was highly expected due to the optimal porous structure as shown in Figure1. Figure 2 is showing Pb 2+ sorption (q t , mg/g) as a function of time, and the maximum adsorbed amount of Pb 2+ for RBIF-0.2, RBIF-1.25, and RBIF-2.0 was achieved within 180, 150, and 140 min, respectively. For all samples, the sorption increased in the start and then gets steady. The possible reason behind this immediate adsorption and then no or negligible adsorption is the presence of holes in addition to porous structure (Figure 1) . The time to achieve adsorption equilibrium was shortest for RBIF-2.0, which might be due to its greater porosity. The maximum adsorption capacity for untreated rice bran was 53.73 mg/g at longer adsorption equilibrium time (240 min) than that of other samples that could be due to less exposed carboxylic and hydroxyl groups. [14] As all RBIFs showed maximum equilibrium adsorption of Pb at 240 min, all the following experiments were conducted at this time duration. 
Sorption kinetics
Sorption kinetic modeling To investigate the mechanism of biosorption of Pb to modified RBIF and the potential ratecontrolling steps, such as mass transport and chemical reactions, kinetic models were used to test the experimental data. Mathematical models that can describe the behavior of batch biosorption process operated under different experimental conditions are very useful for scale up process optimization. A number of models with varying degrees of complexity have been developed to describe the kinetics of metal biosorption in batch systems. According to the kinetic model selection criteria, proposed by Ren et al. [17] and Gupta et al. [35] , several reactionbased and diffusion-based models were tested for the simulation of the obtained experimental data. The finally selected kinetic model will be that does not only fit closely the data but also represent reasonable sorption mechanism. To adjust the experimental data of Pb biosorption on RBIF, we choose three different kinetic models including pseudo-first-order, pseudo-secondorder, and intraparticle diffusion equations. [17] In many cases, the pseudo-first-order kinetic model does not fit well to the whole range of contact time and is generally applicable at the initial stage of the adsorption process. [36] The pseudo-secondorder model is based on the assumption that the rate-limiting factor may be chemisorption involving valent forces through sharing of electrons between the amino group and metal ions. [36] Generally, in a batch reactor, intraparticle diffusion is often rate-limiting. Weber and Morris proposed an empirically found functional relationship that if intraparticle diffusion is the rate-controlling factor, uptake varies with the square root of time. [37] Table 4 is presenting the kinetics parameters and regression coefficients of the three models. Experimental q e values in the table show values at flat plateau region (Figure 2 ). Pseudo-secondorder kinetic model yielded best fits to the experimental data (Table 4 ). Besides the highest regression coefficients (>0.9), calculated q e values are so close to actual values for this model. On the other hand, pseudo-first-order kinetic model showed more closeness to experimental and calculated values, but their regression coefficients (<0.9) were less than the standard criteria. These results were in accordance with the findings of Wan et al. [38] and Zhang et al. [39] who reported the feasibility of pseudo-second-order kinetic model when measured the sorption of metal ions on fiber. However, intraparticle diffusion equation-based constructed plots of q t vs. t ½ exhibited an almost initial linear portion followed by an almost plateau protion; these two portions suggest more than one mechanism behind sorption process [27] as shown in Figure 3 . From these findings of modeling, what we can suggest the sorption of Pb on RBIF was adjusted to heterogeneous diffusion model. Moreover, our results maybe provide that as long as the material exists multilayer, the sorption kinetic for heavy metals almost accord with pseudosecond-order kinetic model. 
Sorption isotherm modeling for mechanistic evaluation
The calculated values of Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) constants at different temperatures for the Pb sorption to RBIF have been presented in Table 5 . The correlation coefficient values (R 2 ) showed that Langmuir isotherm model (R 2 = 0.99) was the best model for Pb adsorption. However, correlation coefficients of the other two models (<0.95), Freundlich and Dubinin-Radushkevich (D-R), were less than standard (>0.99). These results were in accordance with the findings of other researchers who also found the Langmuir model was the best when studied the adsorption of metal ions on fibers or biomaterials. [40] [41] [42] Further, the Langmuir constant b indicator of binding affinity increased with increasing temperature, suggesting the enhanced sorption capacity of Pb 2+ with RBIF at a higher temperature. On the other hand, E values generated using Dubinin-Radushkevich (D-R) model (8 kJ/mol, 25-37 • C) confirmed the physical sorption behavior of Pb 2+ with RBIF (Table 5) . Similarly, the same trend of physical sorption for esterified lemon fiber to metal has already been observed by Arslanoglu and Altundogan [27] using Dubinin-Radushkevich (D-R) model (E values) as an indicator.
The r values from Langmuir constants for Pb sorption (5-20 mmol/L) to RBIF calculated at 25°C have been shown in Table 6 . Since all r values are between 0 and 1, it suggests that the Langmuir model is favorable for all studied concentrations of Pb to RBIF. The results obtained from this modeling of sorption of Pb to RBIF will provide an insight into the food industry for scaling up the process to avoid dietic toxicity induced by metal pollutants. Furthermore, the results can also provide an insight into adjust the sorption isotherm modeling of fiber material for heavy metal. If the material present a monotonous or homogeneous active group, the sorption isotherm modeling for heavy metals generally fit the Langmuir model.
Thermodynamic analysis
Uptake of Pb 2+ on RBIF (contact time: 360 min; 10 mM Pb) at variable temperature range (25-37°C) revealed the increase in Pb sorption as temperature increased which suggests the endothermic nature of adsorption ( Figure 4 ). The binding capacity (qmax) for RBIF-1.25 increased more (0.14-0.18 mmol/g) compared to the other two (RBIF-0.2 and 2.0) as shown in Figure 4 . These results were in line with Wang, Qin, and Li who reported the same endothermic adsorption phenomenon of rice bran with zinc. [40] The thermodynamic parameter profiling of Pb sorption onto RBIF has been presented in Table 7 . The positive values of ΔH• for all modified RBIF confirm endothermic nature of adsorption as obtained from the above experimental results (Table 7) . However, negative ΔG• suggests the spontaneous nature of sorption having a high preference of Pb 2+ to RBIF. Further, positive ΔS• showed increased randomness at the solid/solution interface (Pb to RBIF) with some structural changes. The negative ΔS• values suggest a stable arrangement of metal ions on the sorbent surface and vice versa. [43, 44] In our case, all modified RBIF after interaction with Pb showed structural change as all ΔS• values were positive.
Conclusion
Three modified RBIF prepared from rice bran were used in batch sorption experiments to investigate the sorption behavior of lead (Pb) metal ion. The adsorption of Pb ions onto RBIF was pH dependent and sharply decreased with acidic pH. However, specific surface area and hemicellulose content of RBIF resulted in an increased Pb uptake. Further, kinetic studies demonstrated sorption equilibrium (150-240 min) for all three different RBIF and a pseudo-second-order model fitted well to Pb ion uptake vs. time profiles. On the other hand, sorption was better fitted by the Langmuir isotherm model than Freundlich and D-R adsorption models.Mean while, the thermodynamic profiling confirmed the nature of the adsorption process is endothermic and spontaneous. The enthalpy values revealed the physical adsorption was the main contributing factor. The modeling of Pb sorption experimental data will be advantageous to evaluate the mechanism of adsorption of other heavy metals and will save the experimental costs as various research groups working on heavy metal toxicity. Our aim is to use the abovementioned successful models to evaluate other heavy metal sorption mechanisms in the future work. 
